Intracellular transport is spatiotemporally controlled by microtubule-dependent motor proteins, including kinesins. In order to elucidate the mechanisms controlling kinesin expression, it is important to analyze their genomic regulatory regions. In this study, we cloned the neuronal tissue-specific kinesin in medaka fish and generated transgenic fish which mimic endogenous neuronal kinesin expression in order to elucidate the mechanisms which regulate kinesin expression. Searches for medaka neuronal orthologues by RT-PCR identified a candidate gene expressed only in neuronal tissues. Using BAC clones, we determined the cDNA sequence and the gene structure of the candidate neuronal kinesin. Evolutionary analysis indicated that the candidate gene encoded medaka KIF5Aa. The endogenous medaka orthologue was found to be expressed only in the nervous system, including the brain and spinal cord, while expression of KIF5Ab was not exclusive to neuronal tissues.
Introduction
Kinesins comprise a large superfamily of microtubule-dependent motor proteins.
Kinesins interact with microtubules and move along microtubule rails by coupling to ATP hydrolysis [Brady 1985 ]. This active movement supports the intracellular transport of organelles, protein complexes and mRNA to the appropriate destination at specific time points, and also regulates mitosis by playing key roles in spindle formation, chromosome segregation, and midbody formation which regulates division of the nucleus, cytoplasm, organelles and cell membrane [McIntosh et al. 2002 , Moore et al. 2004 . During these cellular events, the expression of kinesin molecules must be spatially and temporally controlled. However, the mechanisms which regulate their expression remain to be elucidated.
All kinesin molecules have a highly conserved motor domain within which resides a globular catalytic domain that contains both microtubule-and nucleotide-binding sites Functional deficiency or abnormalities in kinesin regulatory machinery can cause disorders in cellular functions, consequently cause disease. Mutated and functionally deficient kinesins have been reported in many neuronal disorders, including Charcot-Marie-Tooth disease type2 [Crimella et al. 2011] , hereditary spastic paraplegia [Wang and Brown 2010] , hereditary sensory and autonomic neuropathy type II [Rivière et al. 2011 ], and schizophrenia [Tarabeux et al. 2010 ]. Additionally, it has been reported that the pathologic conditions in a polycystic kidney disease mouse model may be caused by the inhibition of KIF12 transcription resulting from a mutation in HNF-1beta, a regulator of Kif12 expression [Gong et al. 2009 ]. Moreover, numerous studies have suggested a relationship between disorders in kinesin expression and tumorigenesis [Yu and Feng 2010] . Taking these reports into account, it is highly likely that mutations within the regulatory regions of kinesin genes may also be pathogenic.
In this study, we cloned a medaka neuronal kinesin and generated transgenic medaka fish using the regulatory region of the kinesin in order to visualize its endogenous expression. This transgenic fish should be a powerful tool for future functional analysis of the regulatory regions of the neuronal kinesin gene.
Results

Identification and cloning of medaka neuronal kinesin
We designed a degenerated primer set based on the sequences of several kinesin genes to explore kinesin expression in neuronal tissues. PCR product amplified by RT-PCR from only brain mRNAs were cloned and sequenced; this was followed by the screening of BAC clones which included the gene of interest to determine the coding region sequence.
Analysis of the BAC clones identified that the gene was positioned on medaka chromosome 7. Phylogenetic analysis indicated that the presumptive neuronal kinesin was a medaka orthologue of KIF5A, KIF5Aa (named on the basis of sequence and syntenic homology with zebrafish KIF5Aa; Fig.1A ), and is consistent with the expression of mouse KIF5A exclusively in neuronal tissues [Niclas 1994 ]. Determination of the transcription start site (data not shown) identified that non-coding exons were not present within the gene, thus the orthologue was composed of 29 exons encoding a protein of 1042 amino acids ( Fig.1B,   Fig.3B ).
Medaka KIF5Aa showed high homology with mammalian KIF5A (70% amino acid similarity with human and mouse), especially within the motor domain, neck and coiled-coil tail, whereas regions showing comparatively lower homology were dispersed in the hinge, coiled-coil stalk domain and the globular tail, similar to previous reports [Miki et al. 2005] . It is suggested that the latter are major targets for alternative splicing (Fig.1B ).
Based on sequence analysis it was predicted that the linker region of the tail domain contains one PEST sequence ( Fig.1B ), known to be involved in protein cleavage by proteases and which is conserved in zebrafish, while in higher vertebrates KIF5A genes have a PEST sequence in the upper position. Cleavage at this site would sever the motor domain from the distal tail domain [Berg et al. 2000 ].
As shown in Fig.2A , expression of endogenous medaka KIF5Aa was restricted to neuronal tissues including the brain and spinal cord. Temporal expression analysis identified that medaka KIF5Aa was expressed as early as 4 days after fertilization (daf; Fig.2B ), when neuronal tissues are undergoing development. Whole mount in situ hybridization showed that endogenous medaka KIF5Aa was expressed throughout the neuronal tissues, including the brain and spinal cord ( Fig.4 ). Staining in the medial region (gray matter) of the spinal cord suggested that medaka KIF5Aa is strongly expressed in axons ( Fig.4e ).
In medaka fish there are many instances in which there are two functional homologues of the same gene due to prior genome duplication. KIF5Ab was also found in the medaka genome database and was identified in phylogenetic analysis (data not shown). Genomic synteny of KIF5Ab more closely resembles that of human KIF5A than that of medaka KIF5Aa (Fig.3A ). However, tissue distribution of the KIF5Ab transcript was not completely restricted to neuronal tissues ( Fig.2A ). Thus we used the regulatory region of the KIF5Aa gene to generate a Tg fish strain to enable the visualization of neuronal tissues.
Phenotypes of Tg fish
We established a Tg strain using DNA construct to express EGFP under the control of the 6.9 kb 5' and 1.9 kb 3' flanking region of medaka KIF5Aa. In Tg fishes, EGFP expression was first detected in cells adjacent to the caudal side of the eye, suggesting they may be precursors of the trigeminal ganglion, and was also detected in the spinal cord at 3 daf ( Fig.5A ). This expression subsequently increased both quantitatively and spatially in all neuronal tissues, and high levels of expression continued throughout the adult stages (data not shown). Tg fishes expressed EGFP throughout the brain, including the telencephalon, olfactory bulb, habenula, mesencephalon, pineal gland, torus longitudinalis, cerebellum and medulla, as well as in the spinal cord ( Fig.5B ). In the spinal cord, EGFP-positive cell bodies and fibrous structures were observed in both the medial gray matter and in the lateral white matter ( Fig.5C ). EGFP was also detected in optic nerve and retina ( Fig.5D ). EGFP expression was identified even in peripheral nervous system, including in characteristic rosette-like formations of the olfactory epithelium, as well as sympathetic trunk and motor neurons ( Fig.5B , 5C, 5D). Other peripheral nerves, including cranial nerves were also identified by low-level expression of EGFP ( Fig.5D ).
Identification of cell types expressing EGFP in Tg fish
In order to identify the specific cell types expressing EGFP in Tg fish, we performed immunofluorescent analysis on sectioned Tg larvae. We used an antibody raised against mouse HuC/D, a neural-specific marker, which labeled the cytoplasm of neuronal cell bodies, consistent with previous reports [Kasashima 1999 , Ekström 2003 ]. Anti-EGFP immunoreactivity co-localized with that of anti-HuC/D; however, we also observed a subpopulation of cells that was anti-HuC/D-positive but anti-EGFP-negative in both the brain and spinal cord ( Fig.6 ). For example, cells scattered throughout the fibrous layer on the surface of the optic tectum appeared to be anti-EGFP-negative, though they were positive for anti-HuC/D (Fig.6 ). On the other hand, anti-EGFP immunoreactivity did not co-localize with that of anti-GFAP, a marker for astrocytes (data not shown), which showed a fibrous distribution in the brain and spinal cord similar to the slender cell bodies characteristic of astrocytes in the zebrafish brain [Grupp et al. 2010 ]. We were unable to identify any positive signals for oligodendrocyte markers within either the brain or spinal cord. In a previous report on zebrafish, the pattern of oligodendrocytes was clearly different from the pattern of EGFP observed in the current study [Yoshida and Macklin 2005, Jung et al. 2010 ].
Discussion
A variety of cellular functions, stimulated by extracellular ligands, are accomplished through the specialized compartmentalization of effector molecules; this ensures that signaling is precisely regulated according to the spatial and temporal pattern of stimulation.
Kinesins, which constitute a very diverse family of molecular motors, have been shown to In the present study, we searched for the neuronal kinesin gene in medaka, identified and cloned medaka KIF5Aa, and subsequently generated a Tg strain mimicking the endogenous expression of KIF5Aa. Using this strain it is possible to analyze transcriptional regulation of the neuronal kinesin and visualize neuronal structure and function in a living organism. Identification of KIF5A as a neuronal kinesin is supported by the demonstration that mouse KIF5A is also expressed exclusively within neuronal tissues. Medaka fish have two KIF5A homologues due to a genome duplication event that occurred early in the evolutionary process. KIF5Aa exhibited neuronal tissue-specific expression, while expression of the other homologue, KF5Ab, was not restricted to neuronal tissues ( Fig.2A) in spite of higher analogy, in terms of genomic synteny, with the human orthologue ( Fig.3A) .
It is unclear how gene functionalization occurs following genome duplication. Although medaka KIF5Aa and KIF5Ab were expressed at similar levels within neuronal tissues, specific neuronal gene expression appears to have been inherited only by the KIF5Aa gene;
therefore KIF5Aa is the more suitable gene for analyses pertaining to mechanisms which restrict expression to neurons.
Previous reports have suggested that neuron-specific promoter activity is actualized by neuronal enhancers located upstream of the core promoter, and by non-neuronal repressors within the first intron (Uveges et al. 2002 , Zhou et al. 2005 , Kouzmenko et al. 1997 ).
However, the latter case does not apply to the regulation of medaka KIF5Aa gene expression as the first intron is not necessary to mimic the endogenous expression pattern of the gene. We identified a TATA box and CCAAT box upstream near the transcription start site (data not shown), although we could not find repressor binding elements such as a neuron-restrictive silencer element. It was reported that the expression of zebrafish HuC, a neuron-specific marker, is regulated by GC boxes upstream of a CCAAT element or TATA like sequence [Zhao et al. 2006, Wang and Bannon 2005] . In the medaka KIF5A KIF5Aa tissue-specific expression, as reported previously ].
Errors in kinesin expression, as well as kinesin function, can result in cell death, cellular functional abnormalities, and cancer (Yu and Feng 2010) . This suggested a relationship between kinesin expression, tumorigenesis and cancer progression. The use of Tg fish for visualizing kinesin expression may be a valuable tool for enhancing cancer research and the exploration of therapeutic agents by linking mutagenesis, gene expression and phenotype.
Tg medaka fish that express EGFP under the control of the KIF promoter may also be utilized in pathological and therapeutic analyses. Recently, it was reported in mouse brain that repeated methamphetamine administration alters the expression of the NMDA receptor channel epsilon2 subunit and KIF17, a neuron-specific molecular motor [Yamamoto et al. 2006 ]. Behavioral sensitization related to abuse and/or relapse may be associated with stable changes in gene expression; therefore these two molecules are candidates for such responsive genes. A previous report has described new assay systems which utilize zebrafish as a promising model system to study the complex behavior of drug preference [Ninkovic and Bally-Cuif 2006] . Interestingly, in addition to adult zebrafish, larval fish were also shown to display choice behavior towards addictive substances, such as amphetamine and morphine. These behaviors were dissociable from food preference, and could be attenuated by pretreatment with dopamine receptor antagonists or in the too few mutant characterized by a reduction in the selective groups of dopaminergic and serotonergic neurons in the basal diencephalon [Bretaud et al. 2007 ]. These reports suggest that kinesin expression activity could be used to link gene expression to behavior by establishing a system to evaluate the behavioral response to drugs. Thus, isolation of tissue-specific promoters which replicate endogenous gene expression may contribute to one of the important aims of neuroscience research -linking behavior to molecular and cellular phenomena.
Experimental procedure
Animals
Fish were kept and bred in our laboratory as shown previously [Kawasaki 2008 ]. The larvae were kept in 50 mM NaCl solution and fed daily with a commercially available feed.
The fish, larvae and eggs were kept under a 14:10 h light/dark cycle at 26.5±1°C. We used See-through II strain [Wakamatsu 2001 ] and HdrR strain for production of transgenic fish and genomic analysis, respectively.
Identification and cloning of medaka neuronal kinesin gene
Amino acid sequences encoded in kinesin gene reported from human KIF5A(AK294881), human KIF5B (AK289413), mouse (BC090841), and squid (J05258) were aligned and three conserved amino acid sequences were selected to design Total RNA was isolated from the brain, skeletal muscle, kidney, and ovary of adult Hd-rR fish with Torizol (Life Technologies), according to the manufacturer's instructions.
Complementary DNA (cDNA) was synthesized with 1 ug of total RNA using SuperScript II reverse transcriptase (Invitrogen) with random 9-mer primer. With the resulting cDNA as a template, polymerase chain reaction (PCR) was performed using primers Kin-FW1 and Kin-RV1 with 35 cycles of 94 C for 45 sec, 40 C for 45 sec, and 72 C for 3 min and then nested PCR was performed using primers Kin-FW2 and Kin-RV1 with 35 cycles of 94 C for 45 sec, 45 C for 45 sec, and 72 C for 2 min.
To screen brain specific kinesin fragment, resulting PCR products from brain, skeletal muscle, kidney, and ovary were subcloned into EcoRI/Sal I site of pBlueScript II KS+ (Stratagene). After amplification of each plasmid in E. Coli (DH5-alpha), each plasmid clone was digested with Hae III and selected clones (neuronal clones) whose digestion pattern were observed only in cDNA derived from brain RNA. By comparison of cDNA sequence with kinesin genes from other mammals, we determined the clones containing medaka neuronal kinesin.
Coding sequence (CDS) of medaka neuronal kinesin was determined using primer walking method and 5' and 3'-RACE method. In primer walking method, we designated specific primers for neuronal kinesin based on BAC DNA sequence in following section.
Determination of gene structure for medaka neuronal kinesin
Using a neuronal clone ( 
Tissue distribution or stage dependency for expression of kinesins
We investigated tissue distribution or stage dependency for expression of kinesins, The following primers were used: sense 5'-ACACCATGGAGGGTAAGCTG-3' and antisense 5'-ACCACAATGGACGAGGAGTC-3' for amplification between 281 and 1223 bp of medaka KIF5Aa ORF (ENSORLT00000004896); sense 5'-ATGGCTGATTCCAACGCTGAA-3' and antisense 5'-
GCTCAGCCTCCAGTTTCTGAAT-3' for amplification between 1 and 1102 bp of medaka
KIF5Ab ORF (ENSORLT00000006687); sense 5'-TGACATTGCCGCACTGGTTG-3' and antisense 5'-GCTGGGGAGGAGAAAGTCTGTTTAG-3' for amplification between 77 and 1201 bp of medaka beta-actin cDNA (NM_001104808). PCR products were sequenced and confirmed to be identical to orthologues from the database.
Whole mount in situ hybridization
Whole mount in situ hybridization was performed accoding to a previous report 
Construction of GFP expression vector
Using the positive BAC clone as a template, 5' and 3' flranking regions of neuronal kinesin CDS were amplified by PCR and inserted into Sal I/Nco I site and Not I/Aat II site of pEGFP (Clontech), respectively.
Establishment of transgenic (Tg) medaka strain
The GFP expression plasmid was injected into fertilized eggs of d-rR strain before the first cleavage as described by Kinoshita et al. [Kinoshita et al. 2000 ]. Obtained Tg medaka was crossed with wild type of See-through fish, and the final Tg strain was established by selecting fish indicating phenotype similar to wild type of See-through fish.
Immunohistochemistry
Fixed larval fish were cut into 20 μm sections, which were equilibrated sequentially with phosphate buffered saline (PBS), tris buffered saline (TBS) and TBS containing 0.2 % Tween 20 (TBST) for 10 min. After incubation in blocking solution (BS; TBST containing 1 % fetal bovine serum (FBS)) at 4 °C, the sections were incubated in 1000 fold diluted anti-HuC/D antibody (16A11, Molecular Probe), 1000 fold diluted anti-GFAP antibody (G-A-5, Sigma) or 2000 fold diluted anti-GFP antibody (GF200, Nacalai tesque) with BS, followed by washing 3 times with TBST for 15 min. The sections were incubated in 500 fold diluted anti-mouse IgG antibody conjugated with Alexa 488 or Alexa 546, followed by washing sequentially with TBST, TBS, PBS for 15 min. After dripping mounting medium containing Mowiol 4-48, the sections were enclosed with cover grasses. After drying at 4 degrees overnight, fluorescent images were acquired with confocal laser microscopy.
Imaging of transgenic fish
Embryos and larvae was hold in 1% low melting point agarose (SIGMA) on glass base dish (0.12-0.17μm thickness), and covered with enough amount of water to prevent from being dry. Confocal images were taken with Fluoview laser scanning conforcal microscopy (Olympus). EGFP was excited by 488 nm light from multi argon laser. Emission light of 475-575 was passed through, and detected through the grading. UCSC genome database was used to obtain amino acid sequences of KIF5 family from various species. The sequence data were aligned with clustal X and phylogenic tree was described with NJ-plot. The used sequences are following; human KIF5A (AAI50209.1), 
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